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- ABSTRACT

for surface navigation of an unmanned vehicle on the planet
Mars, the location of the Martian pole star can be used to help gener-
ate the needed reference frames. Since an unmanned vehicle'’s initial
surface orientation is unknown, there would be some difficulty in locat-
ing the pole star. The object of this projéct is to design an automat-~
ic system for the unmanned vehicle whose purpose is to locate the pole
star of Mars and to supply this information to the navigational equip-~
ment.

The automatic system operates on thé/concept that if a unique
group of stars can be found in the heavens, a geometrical relationship
can be derived from this group that allows the generafion of the locat-
ion of the pole star. Thig is accomplished through the use of a pattern
recognition system. The system designed in this project operates on
this principle and will locate the pole star and/or any point in the
heavens desired. The pole star location generated by the system is more

than accurate enough for most navigational needs.
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A. THE CONCEPT FOR AUTOMATIC LOCATION OF THE MARTIAN POLE STAR

l."Introdﬁction

One of the primary difficulties encountered with a surface
navigation system is the establishment of the proper reference frames.
In the present navigation system, the local vertical and the pole star

(1]

of Mars are being used to generate the ﬁecessary coordinate systems.
I am presently attempting to design an automatic system for the location
of the pole star.

| It should be mentioned that there is nothing special gbout
the pole star. It is being used strictly for convenience and accuracy.
Any other star could be used to locate a point in the sky that is over
the pole. The heavens appear to rotate gbout a point in the sky over
Mars' pole with stars and constellations traversing circular paths sbout
this point. Picking any star, it is only necessary to have a clock and
a chart of the star's motion to be able to calculate the point in the
heaven that is over the pole, but this isn't too accurate and the accur—
acy decreases with increasing distance between the star and the éointo
This illustrates the advantages of using the pole star for the refer-
ence star, i.e., no accurate clock or astronomical chart for Mars is

necessary, nc inaccuracies from sightings and calculations are intro-

duced, and implimentation will probably be easier.

2. Basic Concept for Location of the Pole Star

An automatic pattern recognition system will be used to locate
the pole star of Mars. This system will discriminate between the magni-
tudes and emitted wavelengths of the light emitfed by the stars that it

scans and it will use this information to pick the pole star directly
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if the pole star is unique in character for the star group scannéd. Ir
the pole star isn't unique, & unique group of stars will be used for
which there exists a geometrical relation that locates the pole star.

3. Basic Pattern Recognition Operations

In locating the pole star, there are two main operations that
most pattern recognition systems would perform on the image that is

[21031[%][5]

received from the heavens. The first is mapping the origin-
al image space back upon itself, thus allowing for translation of the
image, orientation changes, scale changes and/or a reduction of back-
ground clutter. The second is mapping the original image space into a
new space, meaning mapping into a spatial frequency plane or, into an
abstract feature representation space or, into whatever space might be
derived. Once these operations are completed (if they are needed at
all), preprocessing techniques are used to obtain the needed information
contained in the image. There are two basic approaches to preprocess-
ing used in pattern recognition. The first is electronic processing
which includes such operations as the processing of video gray spale
information; Pourier Frequency analysis and statistical sampling. The
second is optical processing including such operations as image enhance-
ment using spatial filtering and using conventional power spectra and
slit-aperture power spectra. Whether or not aﬁy or all of the above
operations are necessary will become obvious as this report progresses.

| B. TIDENTIFICATION OF THE POLE STAR AND THE APPRCACH FOR ITS LOCATION

1. Determination of Celestial Coordinates of the Pole of Mars

As previously stated, the proposed navigation system requires =

the local vertical and the Martian pole star to generate the needed
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coordinate systems. The first probleﬁ encountered in attempting to de~
sign an automatic system to locate the pole star was identifying the
star.

The equator of Mars is inclined from the vertical of its orbit
by an amount that is almost the same as the inclination of the equator
of Earth to its orbit (24.936° for Mars, as compared to 23.5° for
Earth). Knowing that the axis of Earth points to within one degree of
the star Polaris is of little help to us, for though both planets (Mars
and Earth) have approximately the same inclination to their orbits,

(6]

- their axis point in different directions. These directions differ
by approximately L45°.

In the past, it has been found that the celestial coordinates
of the north pole of Mars are needed to perform astronomical calculations
concerning Mars. The methods used in determining the direction of the
axis are generally based on one of three techniques:

(1) Observations of the polar caps, with allowance for

thevslight eccentricity of the caps with respect to
the areographic poles(Lowel 1905, Wortz 1912, '
Widorn 1939)

(2) Determination of the axis of ellipses described by

the rotation of selected surface markings near the
equator (Trumpler 1927, Carmichel 195k)

(3) Determination of the pole of the nearly equatorial

orbits of the Martian satellites (struve 1911,
Burton 1929)

The results of these different methods are summarized in Table T and
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(7]

the most representative figures, as determined by DeVaucouleur, are

right ascension ao=316.55° (1905.0)

declination 60=%52.85°
These values of right ascension and declination vary with time due to
the precession and nutation of Mars. Because of this, the values are
referred to a standard equinéx (in this case 1905.0) for easy compar—
ison. For the degree of precision usually required, nutation may be
neglected. Compensating for precession, DeVaucouleur arrived at the
compensated values of

a_(+)=316.55° # 0.00675(£-1905.0)

5O(t)=,l52.85° # 0.00346(£-1905.0)
vhere |t-1905.0|<100 years
Thus we can locate the celestial coordinates of Mars axis for any time
desired and these coordinates correspond to the coordinates of the pole
star of Mars.

2. Identification of the Pole Star

Checking the stellar maps, it is found that there is no star
directly over the pole of Mars. The nearest bright star, which would
be considered the north pole star of Mars, is o Cygnus (Deneb) which is

[8]

within 10° of the exact polar location . Now that the pole star is

identified, it is necessary to find a method to locate it.

3. Mathematical Approach to Location of Pole Star and/or True Pole
| Since there is nothing special about the pole star (meaning
that any star could be used for the same purpose) and since Deneb is
not directly over the pole, a method must be found for locating the

pole star that could be used to locate any other star or to locate a
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point in thé héavens that is directly ovér thé trué polé. Déneb is
bright, having a magnitudé'of 1.3 emittéd at a spectral value of AZp,
‘and it could be located diréctiy but this would require too exacting =
system since it would have to discriminate from other stars in the hegv-
ens with similar magnitude and spectra.

The method to be uéed requires the location of two specific
distinct stars and using these two stars to generate the location that
is desired, whether it be the pole star or a point in the heavens exact-
ly over the pole. The location of these two stars is greatly facilitat-
ed if they are distinet in some manner from the other stars in the heav-
ens. A study of maps of the northern célestial hemisphere indicate that
most stars have other stars similar to them present in the heavens{6][8].
This led to the decision to use binary stars as the reference stars since
they comprise a very small and unique set in the heavens, having a mag-
nitude of emitted light and two distinct spectra (see Appendix I). Once
these two binary stars are located, the pole star is found by swinging
two arcs to specified angles with respect to the directed arc between

the two reference stars. One arc originates from each reference star

and their intersection is the location of the pole star(shoﬁn in Fig. 1)

Figure 1
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Picking Cygnus(Albireo and § Sagitta as the reference binary star?s5 the

needed information on them was obtained.

Magnitude Spectra  Right Ascension Declination

Deneb 1.3 A2p 311° 3.6 #£45° 10" 35"
Albireo 3.2 KO0 ,A0 293° 3h.2' £27° 53'51"
§ Segitta 3.8 MO, AO 296° 1434} £18° 27'ho"

To find angles A and B, in Fig. 2, it is necessary to find the arc lengths
between the three stars and then to use these lengths, along with the
(9]

proper spherical trigonometric relations. Spherical trigonometry is
also needed to find these original arc lengths since the location of each
star is given in terms of its right ascension and declination measure~
ments on the celestial sphere. In applying this type of trigonometry it

. must be remembered that it was derived for great circles and care must

be taken to use only great circles; otherwise the relations are invalid.

Figure 2
In general, to find the arc length between stars located at

points 1 and 2, given their right ascensions and declinations (R1,d1l)
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and (R2,d2), one can proceed as follows: ¥ A= ¢ B = 90°
arc 01 (1) cos0l = cosRl cosd1 + 51an 51ndl coshA

sin0l/sinA = sin0l/1 = sindl/sina

(2) sina = sindl/sinOl

arc 02 (3) cos02

i

cosR2 cosd2 + sin32 sind2 cosB
sin02/sinB = sin02/1 = sind2/sin8
(4) sinB = sindg/sinOE
since we are measuring a and B at the equator y= B-o
cosl2 = cos0l cos02 + sinCl sin02 cosy
(5) arc 12 = cos;l 12

Using the right ascensions and declinations for Deneb, Albireo and

§ Sagitta, the following arc lengths are obtained:

Deneb to &Sagitta 29° 16!
Deneb to Albireo 22° 11!
Albireo to 8Sagitta 9° 50°

Figure 3

9 S’O'

To find the desired angles, A and B, in Fig. 3, the spherical
trigonometric cosine law is applied.

cos(22°11') ~ cos(29°16') cos(9°50")

cos A = sin(29°16') sin(9°50")
cos B = cos(29%9161) ~ cos(22°11') cos(9°50')
sin(22°11') sin(9°50")
and results in: A = 37°1W B = 39°17*

Thus since two reference stars can be identified, a directed arc between
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them can be drawn (from §Sagitta to Albireo, for éxample). From 6Sag-
itta, an arc can bé constructed at an angle A=37°1L' with respect to
the directed arc. From Albireo, a second arc can be constructed at an
angle 180-B=180°-39°17' with respect to the directed arc. The inter-
section of these two arcs is the location of the desired point, in this
case the pole star; |

A problem with the system just described is that since the
planet Mars is rotating, these two reference stars will not always be in
sight of the rover at all times. This will be true for any choice of
two stars. This leads to the idea of picking three identifisble stars
that ére separated by approximately 120° and using whichever two are in

sight at a certain time. A possible choice of stars would be

Magnitude Spectra Right Ascension Declination

Albireo 3.2 KO ,A0 19h 29m 37.0s £27° 53151"
Alcon/Mizar 2.4/4.0 A2p/A5 13h 22m 45.6s #55 0L 35
(Ursa Major) 13h 22m Oh.bs . #55 08 18
Mirtak 3.1 F5,A3 3h 02m Ll.1s #53 23 39

(Perseus)
The previous calculations could be carried out for this set of three
stars and this would allow the pinpointing of any spot in the heavens at
any time during the day.

C. PHYSICAL DEVICE USED FOR LOCATION OF POLE STAR AND/OR TRUE POLE

--1. Introduction and the Basic Star Locating/Tracking Device

Since it is desired to have the capability of locating either
the pole star or the point in the heavens directly over the pole of Mars,

the device for locating the binary reference stars must be capable of
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maintaining the locations of these stars. This is due to the fact that
a8 point in the sky can't be directly tracked, as a star can be. The
location of the two reference stars must be known before the desired
point in the sky can be located and to maintain an accurate knowledge of
the position of this point, an accurate knowledge of the position of the
reference must be maintained. From this point on, the star tracker cap-
ability will be considered as a necessary part of the device used to lo-
cate the reference stars.

The basic device for locating and then tracking a binary refer-
ence star is illustrated in Fig. L.

2. Description of Basic Star Locating/Tracking Device

‘(a) Telephoto Lens
The telephoto lens is used to gather light from all stars in
a specified angular field of view (about 2°), determined by the lens
construction, and to direct it into a small focal plane. Instead of
picking up all objects in its field of view with equal intensity, as is
common in telephoto lensess this lens is constructed in such & manner
that a star in the center of its' field will be picked up as a slightly
greater intensity image than a star of equal magnitude on the edge of
its' fied. The reason for this will be explained later.
(b) Collimator
The collimator tekes the light emerging from the telephoto lens
‘ and forms it into a tightly collimated light beam.
(¢) Prism
Upon leaving the collimator, the light beam encounters a prism
made of dense flint glass¥*, forming a right angle with the prism face

first met (al=0)‘
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¥Dense Flint Optical Glass

V=
?zt.c?ieoo o:i:r.nd_l Nop Dy - n, ny Do
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V
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REFRACTION OF
GLASS
N - INDEYX oF REFRACTION OF SURROUND |INGS
Figure 5
Using n = 1 (air), n,, = 1.78646, n, = 1.86L28
4 . . —
sinay = sinaj cosf - sinslﬁg~'— sinZay [0]f11]{12]
1
let 01=0° = sina, = —sinsg— = - sinB(%)
if 8=90°, sindz = - &
for A' sinop= - (1.78646) = -.562
o3k, 75°
o . G S S
for H sina} = -(5g75g) = -5 T
ap'x 32.5°

Op-0y ' & 1.65°
Upon leaving the pfism, the light beam diverges as an immediate result
of the variation of the refractive index of the optical glass with wave-
length. There will be an approximate angular separation of 1.65° degrees

between the two extremes in the visible spectra used above.
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(d) Mirrored Optical Path
To obtain a distance of separation of about two centimeters

between the:two extreme wavelengths used above, an optical pathlength of
about 0.7 meters is required. This is accomplished through the use of
a mirrored box, into which the emerging beam from the prism enters. In-
side the box, the diverging beams of light are reflected along an optical
path of the desired length and at the end of this path they leave the box
and fall upon a one dimensional array of light sensitive devices., Thus
a high intensity light beam has been dispersed along a light sensitive
array giving a distribution of light intensity related to the distribution
of wavelength in the original beam, at a cost of having less light inten-
sity per unit area than the original beam ( though the total light inten-
sity is constant).

(e) Photo-detector

1. Background material - The time rate of flow of light energy

 is referred to as luminous flux. The 1uminous flux is the characteristic
of radiant energy which produces visual sensation. The unit of flux is
the lumen, which is the flux emitted in a unit solid angle by = uﬁiform
point source of one candels, which produces a total luminous Tlux of
b 1umens[i3].
In measuring stellar magnitudes bhotoelectrically, the flux in
lumens L from a star of magnitude M which is received by a telescope hav-
ing a diameter of d inches can be expressed as follows:

2.5 loglO(L) =T.57T - 30 + 5 loglo(d) -M
For a teléscopé with a diameter of five inches and a star of magnitude

threé, 1=1.68 x 107 lumens [13].
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-

2. Comparison of Photo-Détectors - To find a photodetector

which would perform satisfactorily with this magnitude of luminous flux,
a study of photodetectors was performed. The approximate range of power
or luminous flux for which various types of detectors are useful are in-

dicated graphically in Fig. 6. These indicated ranges are only for guid-
[13]

ance in picking a device and may at times be exceeded

‘TYPICAL RANGES OF POWER OR LUMINOUS FLUX

Multiplier
phototubes

Gas filled
phototubes

Vacuum ‘

~Cds photocells

Photovoltaic
cells (energy
conversion type)

watts (28T70°K) Tungsten

10712 30710 1978 076 gp7h 1072 1°

Lumens (28T70°K)

Figure 6

3. Limitations on Desired Photo-Detector - As a result of this

study, it was decided to use silicon photojunction cells. Assuming an 8%
loss of intensity in the telephoto lens, 4% in the collimator, 2% in the

mirrored uhit and 1% in the prism, the photojunction cells are still
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capable of handling the job. A silicon photodiode is basically a p-n

Junction, exhibiting a nonohmic characteristic, as illustrated below.
h 4 O O

\'4
R PHOTOVOLTAIC
PHOTo conpucTive SUABRANT
QuabranT
| Figure T

When light is applied to the cell, the curve shifts downward.

psveraes hisgine
Reverse biasing

the cell, it o
its' output is developed across a series load resistor. In photo-voltaic
applications, the cell is used to convert radiant power directly into
electrical power. Due to its greater sensitivity, the photoconductive

[13]{1k]125]

mode of operation will be used Schematically, the photo~

Junction device connected in the photoconductive mode appears as follows:

Figure 8
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where the output voltage change with inecident 1ight is illustrated

graphically by

OAD
1 \_LINE
\\ '
I A ‘ ILLUMINATION >0
N
]
H \,\ [ILLUMINATION =0
] YN
N\,
Eup N/ o

iFigure 9

Aftér g discussion with staff mémbers in thé Electrophysics
Départment at R,P.I., it was decided tﬁat if there was no need to worry
sbout impulses of light and the resulting transients, i.e., the star is
viewed for 1 msec or more, and Lhe device is operuted al a low current
level, a oﬁe dimensional array of diodes may be fabricated having a dicde
width of approximately .2mil/unit. Thus a one dimensional array that is
two centimeters long could contain, if desired, approximately Ffour thous-
and units, with the leads coming in from above and below the array.

Assuming that an array of photojunction cells may be fabricated

to operate at a level of 10712

lumens, the number of elements in the arrsy
is limited by the minimum amount of light required by one unit. Using
the assumed losses in the optical devices,

(1.68x10“9) x .92 x .96 x .98 x .99 lumens

10"12 lumens/tnit

21450 units

the 1limit would thus be a 1450 unit array. Since there is a spread of
approximately three thousand angstroms over the range of interest, the

number of units in the array is arbitrarily chosen as five hundred.
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L. Operation of Photo-Detector - For a first check on the

identity of the observéd star, the outputs of all the array elements are
summed and this sum is relatéd to éhe star's magnitude. If too low a
magnitude is indicated, the star is rejected and the device will begin
scanning for another star. If the magnitude is great enough, the output
from each array elemént is compared against predetermined standards corres-
ponding to each of'the desired ré}erence stars dispersed spectra. If the
observed spectra does not correspond to one of the preprogrammed spectra,
the star is rejected and the device will begin scanning for another star.
If the spectra does correspond to that of one of the binary reference
stars, a digital signal identifying the star will be generated and a sig-
nal will be sent the star tracker unit to maintain the location of this
star.
(f) Tracking of Reference Stars

The star tracking uwnit, upon receiving the track signal will
move into place between the telephoto lens and the collimator. It will
proceed to position the star at the optical center of the telephoto lens,
the point where the effective intensity of the star will be the greatest.
(due to the construction of the lens). This will be accomplished through
the use of a segmented, light sensitive disk (CdS). Constructed of
four identical wedgeshaped segments, the output of each segment is relat-
ed to the intensity of light incident upon it. Through the use of a
servo-mechanism system, the direction of the telescopic lens is adjusted
to give equal outputs from all segments correspondiﬁg‘tobequal light in-
tensities on all four segments. This occurs when the star is exactly cen-

tered in the device. The scheme for controlling the servo-system is




as follows:

w J
COORDINATE AXIS
Fixep W.RT FRAME

e

Figure 10
if a+b > c+d move device in +y direction
if a+b < c¢td move device in -~y direction
if atc > b+d move device in -x direction
if ate < bHd move device in +x direction

if atb=c+d, atc=b+d do not move device

7; Vi f———t-T0 Y DIRFCTION

SERVOMOTORS

Fy = FORCE CAUSING MovEMENT
IN  +Y DirRECcTION

By
/l vy =& T ¥ DER"&Q“?”!@M
SERVOMOTORS
Fx = Force "CAUSING MovermenT

IN +¥% DireeTioN

Figure 11
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3. Location of Second Reference Star

Oncé the first reference star is located, a modified sweep
path will be used to locate the second reference star. A second unit,
identical with the first one just described will be positioned at an
angle, with respect to the first unit, equal to the angular separation
between the already located (now known) reference star and one of the
other two reference stars. The second unit will sweep a constant radius
circular path around the first unit. If the second reference star is
located and identified, the second unit will track it and thus maintain
its location. If it is nof found, the angle of the first unit, with
respect to the second unit, will be changed to egqual the angular separ-
ation between the already found reference star and the remaining refer-
ence star. The modified sweep path will again be used, now locating
and identifying the second reference star.

L, Generation of the Location of the Pole Star And/Or True Pole From
Locations of Reference Stars

Having located and identified two reference stars, it is
necessary to use them to locate either the polé star or the point in
the heavens over the true pole. The two star locating wnits are mounted
on a platform on the roving vehicle. They are gimbolled to move in two
directions only, one direction being parallel to and the other being in
a plane perpendicular to the surface of the platform, as shown in Fig.l1l2.
A fictitious’referencé frame, xyz, is established on the platform with
- the y axis running in the lengthwise‘direction and x axis in the width-
wise directién of the platform in the platform plane and with the origin

at the center of the star locating unit's gimbols. Mechanical pick-offs




-19-

measure the two angles for each unit in this fictitious frame.

Figure 12

The zero degree point for the two gimbols in the xy plane is the posi-
tive y axis with the angle increasing in the clockwise direction and
the zero degree point fof the remaining gimbols is on any line in the
Xy plane with the angle increasing with elevation in the z direction.

| In the star charts, the right'ascension and declination of
a star is'ﬁeasured with respect to =z specifié vernal equinox [91; Since
this is a relative measurement, the right ascension and declination of
the reference stars can be measured with respect to the point in the

sky the fictitious y axis is directed towards at a specific time. If
this’is done, the angular measurement of the gimbol in the xy plane
corresponds to the right ascension and the angular measurement of the
remaining gimbol corresponds to the declination of the reference star

in terms of this fictitious frame. Knowing the right ascensions and

declinations of the two reference stars in thié fictitious reference
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frame, it is possible to compute the .right ascension and declination‘of
the polé star, (or point in the heavéns) with respéct to this frame.
Since the rest of the navigation packagé is also located on this plat-
form, this gives to it the needed location of the pole star. The need~
ed computations are better visualized by referring to Figure 13 where
'points 1, 2 and D refer to the locations of referénce stars 1 and 2,

and Deneb.

Figure 13
Through previous calculations, the included angles A, B and C are
known. Using the right ascension and declination of Deneb as variables
and using the law of sines from spherical trigonometry, two eguations
may be formed. One equation relates the arc length between points 1
and D to the arc length between points 1 and 2 and the segond relates
the arc length between points 2 and D to that betwéén points one and

two. This gives two equations in two unknowns. Since the identities
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of reference stars one and two are uniquely known, this adds a constraint
on what the right ascension and declination of Deneb can be, with respect

to the ascension and declination of either reference star 1 or 2. The

two equations can thus be uniquely solved for the right ascension and

declination of Deneb in terms of the fictitious reference frame on the

‘platform.

Computationally: A.B.C are known and using the definitions for angles
and arc lengths used earlier in this paper

cos 01 = cosRl cosdl

cos OD = cosR. cosd

d a

defining sina = sindl/sinOl

sinB = sindd/sinOD

cosy = cos(8~&)

results in coslD = cos Ol cosOD + sin0l sinOD cos Yy
cos 02 = cosR2 cosd2

defining siné = sindzlsin02
cose = cos(S—B)

results in cos 2D = cos 02 cos OD + sin02 sinOD cose

cos 12 = cosOl cos02 + sin0l sin02 cos{a-8)
Applying the law of sines, the two needed equations in terms of the two

unknowns (the right ascension and declination of Deneb) are cbtained

from gin C sinB

sin 12 sinlD

sin C sin A
sin 12 sin2D

These two equations are now solved simultaneously by the vehicle's com~

puter and the results are glven to the navigation package.
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5. Pole Star Location Error

Errors in thé’location of the two binary référence stars will
résult in an error in thé génératéd location of thé polé star and/or true
pole. Considéring the fabrication téchniques of todzy, the reference
stars should be located by the locating/tracking device to less than 0.1
degrees of their correct locations. Introducing thésé errors will result
in the generation of a pole star location that should be well within the
tolerances for most navigational needs. This is further discussed in
Appendix III.

D. CONCLUSION

The navigational approach to locating the pole star and/or true
pole using binary reference stars is feasible, genérating the pole star
location exactly if the reference star locations are exact and not gener—
ating unreasonable errors in the pole star location for small errors in
the reference star locations. The pattern recognition system is shown
in the body of this report to be capable of operating on the light inten~
sity emitted by the reference stars. Once the reference star is located,
the method for maintaining its location and generating its coordinates
in the vehicle reference frame is easily applied with a high degree of
accuracy, being limited by fabrication techniques.

Looking at the total system, a pole star location error of less
than one tenth (0.1) of a degree should be entirely feaéible if care is

Mfaken in the construction of the system and if the platform on which it

is mounted is kept reascnably stable with respect to the Martian surface.
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APPENDIX I
BINARY STARS OF THE NORTHERN CELESTIAL HAMTSPHERE O]
Magni- Right
""" tude ~ ‘Spectra Ascensicn  Declination
rl Perseus L. GO,A5 2h 52m 11.ks +52°381L2"
Y Perseus 3.1 F5,A3 3h 02m L41.1s +53 23 39
| 58 Perseus k.5 KO,A3 Lk 34 Lo.s5 - +h1 12 24
z Auriga 3.9 KO0 ,B1 5.00 26.9  +L1 02 o7
T Ursa Major L7 F5,A5 9 08 32.7 +63 37 58
0 ILeo ' 3.8 F5,A3 9 39 '36.2 +10 01 30
113 Hercules 4.6 G0,A3. 18 53 31.3 +22 36 26
0° Cygnus 3.9 K0 ,B8 20 12 'h3.o +46 39 09
32 Cygnus | h.2 K0,A3 20 1k 3k +47 38 28
o Equalus b1 F8,A3 21 1k 22.k + 5 07 37
5 Lacerta 4.6 ' KO,AO 22 28 19.1 +47 33 29
0 Andromeda ‘ 3.6 B5,A2p 23 00 3&.9 B +42 10 11
U. ¢ Mizor 2. h+h A2p S 13 22' 45.6 +55 0k 35
Major{"

80 Alcore k.0 A5 13 2k 0ok.0 +55 08 19
Albireo B Cygnus  3.2,5.5 KO,A0 1029 33.0 427 53 51
Bl Lyra | 3-h B8p,B2p 18 49 00.5 +33 19 L1

8§ Sagitta 3.8 MO A0 19 46 05.6 +18 27 L2




2L~
. Table I

. . CELESTIAL COOEDINATES (1905) OF THE
NORTH POLE OF MARS

. Deimos

315.92

Method © Time Author Rt.Ascension Declination
~~  Base ; : ‘
Position - 1877-86 Schiaparelli 319.90cegrees 54.92deg
angles of ' T
~ polar cap '1877-86 Schiaparelli 312.6 54.2

1884-94 Lohse 317.18 54.35
1896-98 Cerulli 318.63 54.07
1901-05 Lowell 316.05 54.52
1903-09 Wirtz 312.71 53.20
1901-07 Lowell & Lampland 315.50 54 .32
1901-02 Lowell '315.8- 54 .4
1801-11 Lowell 316.61 53.95
1509-11 Slipher 2i5.5 54.0
1909-26 Widorn . 317.0 54.5

Longitudes 1877-- ° Ashbrook 219.2 55.8

of surface . '

markings 1952

Latitudes 1914-22 Pickering k515.05 51.77

of surface

markings

Coordinates 1924 Trumpler 315.77 54.6$

of surface i

markings

Paths of 1941-50 Camichel 316.48 52.78

selected : :

surface markings

Poles of 1877  Burton Phobos 317.33 52.66

satellite orbits 1926 52.23
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APPENDIX IT
STELLAR SPECTRA[16]

Ail stars radiaté light containing différent spéctral contents.
A stellar spectrum is composed of a continuous spéctrum ovérlaid by a
larger or smaller numbér of spectral lines, absorption and emission lines.
The energy distribution in a continuous spectrum is related to the effec-
tive temperature of a particular star.' Maximum energy is shifted towards
the shorter wavelengths with increasing temperature.

In the classification of stellar spectra, only spectral lines
are used whose intensities vary markedly from spectral type to spectral
type. Within a specific spectral type, stars of different luminosity
classes can be distinguished by observing other lines whose intensities
depend strongly on this luminosity class. The letters W, O, B, A, F, G,
K, and M are used to specify'the spectral type with the W-stars having
the highest temperature and each successive type having a lower temper-
ature. The W- to M-stars are referred to as the main sequence with
secondary sequences consisting of the spectral types R, N and S. The

characteristics of the spectra in these sequences are listed in the

following table IT. DESCRIPTION OF STELLAR SPECTRA
Spectra Title Description TAELE 11
W: Broad emission bands, e.g. among others those of

- hydrogen and of neutral and ionized helium, on an
intense continuous spectrum; Wolf-Rayet stars.

O Absorption lines of ionized helium on an intense
continuous spectrum in the shortwave region.

BO to Bh: Absorption lines of neutral helium and of hydrogen
(Balmer lines HB, Hy, H§, etc.) and of singly ionized
oxygen.

B5 to B9: Fainter helium lines; stronger Balmer lines.



Spectrs Title
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Description

A0 to Ak:

A5 to AG:

FO to Fh:

F5 to F9:

GO to Gh:

G5 to G9:

KO to Kbh:

K5 to K9:

=

Predominantly Balmer lines; some lines of ionized
metals.

The intensity of the Balmer lines decreases slightly;
the lines H and K of singly ionized calcium and lines
of other metals are stronger.

The H and K lines. are still stronger; the intensity
of the Balmer lines is further reduced. Appearance
of the 'G-band' in which the lines of iron, titanium
and caleium lie close together.

The H and K lines are strongest; the G-band shows
increased intensity.

The H and K lines are still the strongest ones, at
the same time many metal lines are present; the Bal-
mer lines are still recognizable. (The solar spect-—
rum is of the type Gl.)

The iron lines are stronger then the Balwer lines.

The continuous spectrum on the short-wave side of

. L . . A
the X line of icnized caleimm has nearly disoppeared

the G-band shows maximum intensity.

Appearance similar to KO to KL; increased occurrence
of titanium oxide bands.

The main feature is the titamium oxide bands:; the
G-band is split up into individual lines.

Appearance of cyanogen and ecarbon monoxide bahds.
Spectrum similar to that of type R; the continuum on
the short=wave slide of L500A° has nearly disappeared;

the star therefore appears red.

Spectrum similar to that of M and N; bands of zircon-
ium oxide appesar.




-27-
APPENDIX IIT
ERROR ANALYSIS OF THE MATHEMATICAL APPROACH
FOR LOCATING THE POLE STAR

In applying the néthod for locating the pole star, it can be
assumed that error exists in locating the two reference stars. This
error will result from the combined errors created by the individual
components in the two star tracking units. Since both units in the track-
ing mode are relatively simple, the error resulting from them should be
smali (less than 0.1 degrees) if care is tasken in their construction.

If there is an error in the right ascension and declination of
the two binary reference stars, and the mathematical procedure using the
correct, predetermined,included angles A and B (see Fig. A) is followed,
a location of the pole star will be generated having an erroneous right

ascension and declination.

(erRFONOUS)

S REF. STAR 2

RERE STAR | ¢ (ERRONIOUS)

(FRRONIOUS)

"> Rer. STAR 2

Rer Star |

Figure A
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Relations giving the errors in the pole star location are derived in

the following manner:

DE NEBR

ab

REF Star 2

FQE?FR.STV\R { 12

Figure B
Defining: 1D, 2D, 12 are the arc lengths between the appropriate stars.
(Ri+ri) is the erroneous right ascension of star 1 where
i can take on values of 1, 2 or D representing reference
stars 1 and 2, and Deneb.
Ri is the correct right ascension of star i
ri is the error in right ascention of star i
(di+ai) is the erroneous declination of star i
di is the correct declination of star i
Si is the error in declination of star i
" Arc length 12 may be determined using the erroneous right ascensicn and
declination of reference stars 1 and 2

cos 12 = cos(Rl+rl)cos(dl+61)cos(R2+ )cos(62+62)

2
2 2 1 _ 2 2 )
+[1-cos (Rl+rl)cos (dl+61)]z§ [1=cos (R2+r2)cos (d2+62)];2

e 2 2 -1
. - _ /
{S1n(d2462)[1 cos (R2+r2)cos (d2+62)] 5 1
. 2 ' 2 2 V=117

[1-sin (dl+61){l—cos (Rl+rl)cos (d1+61)} 1

2 \ g 2 2 yi-19% .
~[1-sin (d2+62){l—cos (Rg+r2)gos (d2+62)} ] 51n(dl+61)
A {cont'd)
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{i—cosg)Rl+rl)cos?(d1+6l)]—LE}
Considéring the right ascénsion and déclination of Deneb as unknown and
using the erronious coordinates of the referencé stars, two relations
for arc length 1D may bé derived. One relation is derived from the co-
ordinatés of referencé star one and the unknown coordinates of Deneb.
The second is derived using arc length 12 and the correct included angles
A and B. Two relations for arc length 2D may also be derived in the
same manner. The two relations for 1D must be equal, as must also be
the two relations for 2D. Setting the two relations for 1D egual to
each other and the two relations for 2D equal to each other, two equa-
tions in two unknowns are formed. The unknowns are the erroneous right

ascension (Rd=RD

+ . . =3 +
pD) and declination (dd d GD)Aof the pole star and
they may be solved for without too much difficulty. Knowing the correct
right ascension and declination, these may be subtracted from the erron-—
eous values giving the error in right ascension  and declination of the

pole star. The two equations are as follows:

2 §§
+ 4
l)cos (dl 61)]!

l)
cosgdd)“l}/2

= + +
coslD cos(Rl rl)cos(dl 61

1, .
coszdd]/:2 {sindd[l—cong

)cost cosdd+[l—cos2(Rl+r

2 2 -1 .. 2
[1-cos Ry cos dd] o [1-sin (dl+6

(l—cosg(Rl+r

d
R
)cosg(dl+61)) 1]/é ~[l—sin2dd(l-cong

1 a

sin(dl+6l)[1~cosz(Rl+rl)cosg(d1+61)]-;ﬁ}

. 1
={l——(sir12}3(1—c:c>3212)/[ZL—-(sinAsinBcos12—cosAc:osB)2]}/2

1?
k,cosQD=cos(R2+r2)cos(d +8,_)cosR, cosd +[l—cosQ(R2+r2)cosg(d2+6 )172

2 2 d d 2
2 2. %% .. 2 2., =l . 2
[1~cos Rdcos dd] {S1ndd[l—cos Rdcos dd] 2 [l-sin (d2+62)

: 2 -1 %@
4¢08 dd) ]

. 2 2 -1
81n(62+62)[1—cos (R2+r2)cos (d2+62)] 2}

1
(l—cosQ(R2+r2)cos2(d2+ 2)) 1]/é -[l—singdd(l—coseR

. 1
={1—(s:'Lne‘l\‘(l—cos212)/[l—(s:‘LnAsinBcole—cosAcosB)2]}‘(2
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As an example, assume R, = Q° 4 = 80°
= 0° = 0°
Rl = 0% dl 0
= An° = »n°
B2 80 d2 20

and assume no error in locating reférénce star 1 and all the error in
locating reference star 2. Angle A is 1.216441 radians and angle B is
1.447536 radians. Introducing errors in the right ascension (rg) and
declination (62) of reference star 2, the following errors in the right
ascension (rD) and declination (dD) of Deneb result. (see Table III)

From examination of the results, it is seen that as long as
the errors in the reference stars are kept small, the error in the pole
star location is small. Also, for this choice of stars, the errcrs in
the pole star location resulting from the erronious declination of the
reference gtar are greater than the errors introduced by aﬁ erronious
right ascension of the reference star. This indicates that the mechan-
ical pickoff reading the declination of the reference star should be
more precise than the pickoff reading right ascension.

Considering the fabrication techniques in existence today, a
device for locating the polé star and/or the true pole can be construct-

ed that will satisfy the requirements for most navigational needs.
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TABLE IIT
ERRORS IN POLE STAR LOCATION RESULTING FROM ERRORS

IN THE LOCATION OF REFERENCE STAR 2%

pjae) o cafaep)  xem) afaes.)

0 0 0 0

0 1 0.01 0.0838 - 0.0002
0 0.02 0.1169 - 0.000L
0 1 0.03 0.1789 © 0.0006
0 0.0k - 0.2287 0.0008
0 0.05 0.2822 0.0009
0 0.06 1 0.3311 0.0011
0 - 0.07 0.4%073 0.0013
0 0.08 0.4596 0.001L
) 0.09 . - 0.5265 0.0015

L0 . 0.10 _ _ _ __._ 0.5858_ _ _ _ _ _0.0016_ _ _ _ __

0.10 0 0.0000 0.03k2
0.10 0.01 0.0000 0.03L43
0.10 - 0.02 0.0000 0.03k45
0.10 - 0.03 0.1438 0.0348
0.10 0.0L 0.1976 0.03k49
0.10 | - 0.05 0.248k 0.0351
0.10 0.06 | 0.3061 0.0353
0.10 0.07 0.3733 0.035k
0.10 0.08 0.1163 0.0355
0.10 0.09 0.4750 0.0357
0.10 0.10 0.5529 0.0358




(deg.) d'(deg.)‘ r_(deg.) QD(deg.)

roldeg.s 8 ot %8 T p.“c&-/ ... %pi%eEl

10.20 o | 00000 0.0683
0.20 1 0.01 10,0000  0.0685
0.20 0.02 '~ 0.0000 .0.0687
10.20 0003 o083 - 0.0689
0.20 . o.0h - . 0.1L38 - 0.0690

020 . 0.05 " 0.21L6 o ;0.0693

1 0.20 | 0.06 0.2829 0,069k
0.20 ‘o.01 " 0.3451 - 0.0696
0.20 1 0.08 ' 0.3857 - 0.0697
0.20 0.9 0.1613 10.0698

220 L 0.0 _ __.__g2ror %010 .
0.70 0 0.187L 0.2385

¥Coordinates for the stars:are given in example statement on the preceed-
»

.ing page.
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